Interior permanent magnet synchronous motor (IPMSM) 
INTRODUCTION
Permanent magnet synchronous machines (PMSM) are provided with advantages of small size, light weight, and high power density, therefore PMSM are primary choice as traction motors in hybrid vehicles. In addition, with the development of power electronics, motor control technologies are further improved. And the motor speed range is expanded due to the improvement of the field weakening speed regulation. For this reason, more and more hybrid vehicles use PMSM [Kassakian , 2000] . However, interior permanent magnet synchronous motor (IPMSM) systems are vulnerable to uncontrolled generation (UCG) when the inverter switches loss their drive signals suddenly during flied weakening high speed operation [ Bianchi et al., 1996; Jahns and Caliskan, 1999; Liaw et al., 2000 Liaw et al., , 2005 Soong and Ertugrul, 2004; Adnanes et al., 1992.] . The typical electrical powertrain in the hybrid vehicles is shown in Fig. 1a , including battery, inverter and motor. And the motor with high speed is assumed. At this point, the drive signals of inverter switches disappear and the equivalent back electromotive force (EMF) of the motor is higher than the voltage of the battery. As a result, freewheel diodes in the inverter form uncontrolled rectifier inverter as shown in Figure 1 (b). The current induced by back EMF will flow through the freewheel diodes, and then charge the battery. And it will disappear until the equivalent back EMF is equal to the voltage of the battery. This paper presents a simple analytical model of this system firstly, and then implements the simulation of UCG transient process to investigate the impact of the motor speed, battery capacity and other factors on UCG. And feedback-power is estimated throughout the process. Moreover, a leakage resistance is added to the circuit in order to protect the battery, motor, inverter and other relevant components during UCG. 
SIMPLE ANALYTICAL MODEL OF UCG

Model of the battery
The equivalent circuit of the battery is depicted in Figure 2 , the output voltage of the battery is sum of no load voltage and voltage-drop on the resistance, therefore, the mathematical model of the battery voltage is derived as, Eq (1).
Model of uncontrolled rectifier
The inverter turns into a rectifier due to all switches are turned off during UCG process. Therefore, the mathematic equation is given in Eq
Where, V, output DC voltage of rectifier; V L-L,rms , line-line voltage effective value of motor; α, conduction angles of switch, the value is 0 for diode
Model of motor
According to the analyzing issue, two assumptions are set:
(1) The output voltage of the motor is proportional to motor speed; (2) The speed variation rate is constant. Consequently, the model of the motor is written in Eq.
Where, ω, motor speed; K, voltage constant; α, speed variation rate.
Model of the system
The output voltage of the rectifier is obtained from Eq (2), Eq (3) as shown in Eq. (4).
Therefore, the model of UCG system is formed by Figure 3 shows the process of UCG, curves 1 and 4 represent the equation 1 and equation 4 respectively. The output voltage of rectifier V 0 is higher than the battery voltage V 1 at the beginning of UCG. With the decline in motor speed, the rectifier output voltage is gradually reduced. Meanwhile, the battery voltage is increased slowly through the continuous charging current. Than the current will gradually disappear when the battery voltage equal to the voltage of the rectifier at t 1 . In the end, the battery voltage maintain the constant value V 2 and the rectifier output voltage will drop to 0 as the motor speed down. Figure 4 describes IPMSM and its drive system developed in Simulink, including motor, inverter and battery. The motor and battery parameters are shown in Table 1 and Table 2 . The voltage constant of the motor represents per 1000 rpm produces 82.4 V peak line to line voltage in the motor. Lithium-ion batteries have higher energy density, greatly reducing the weight of the battery pack. In addition, lithium-ion batteries possess low self-discharge, long cycle life, no memory effect and environmental-friendly characteristics etc. Therefore, the batteries are applied to more and more hybrid vehicles. Figure 5 depicts the overall process of UCG, there are motor speed, DC side current of rectifier and line voltage of motor individually from top to bottom. The motor speed slows down from 5000 rpm to 0 rpm. And the current disappears around 0.43 seconds, which represents the rectifier shut down totally. Then the line to line voltage decreases with the speed descending gradually, and both of them drop to 0 in the end. The parts of the line voltage Vab around 0.3 s and 0.4 s in Figure 5 are enlarged, as shown on Figure 6 (a) and Figure 6 (b). The six step waveform of the line to line voltage changes into sine waveform smoothly during the UCG process. The six step is due to the battery connected to the DC side of the rectifier, and the sine waveform is the no load back EMF of the motor after the rectifier is turned off. Figure 7 shows the transition of the battery state of charge (SOC), current and voltage respectively from top to bottom during the UCG. The negative current of battery represents charging the battery. The SOC ascends from 100 % to 100.014 %. The small increment is owing to the charging time is relatively short. In addition, the output voltage of battery is sum of no load voltage and voltage-drop on internal resistance Rated capacity (Ah) 6.5
SIMULATION OF UCG TRANSIENT PROC-ESS
Simulation model and results
State of charge (%) 100 as known from expression 1. Then the output voltage is equal to the no load voltage when the current disappears. Therefore, the output voltage of battery decreases firstly and then maintains a constant value after 0.43s. In order to calculate the feedback power from the battery, the product of the current and output voltage of the battery is integrated. And the estimation value is 850J, as shown in Figure 8 . The feedback power holds a constant value after 0.43 s due to the disappearance of the current as well as the output voltage of the battery.
Effect of motor speed on UCG
Two UCG simulations with motor speed range of 10000-0 rpm and 15000-0 rpm were carried out, as shown in Figure 9 (a) and Figure 9 (b) respectively. Although the speed increases dramatically, the current increment is tiny. This interesting phenomenon is due to the current tends to a constant value during UCG. The constant value is determined by flux and d-axis inductance [Jahns and Caliskan, 1999] . The steady-state d-axis and q-axis are given, as follows [Jahns and Caliskan, 1999] , Figure 10 corresponds to an IPM machine in the synchronously rotating reference frame operating in the UCG mode, than the components of V sn and I sn can be expressed as follows: 
The expressions for V dn and I qn from (7) and (8) can be substituted into (6) to yield
This expression (9) can then be substituted into (5) and rearranged as follows,
Two new variables are defined as follows:
Equation (10) can be rewritten using (11) and (12) in a more compact form as follows:
Equation (13) can be readily solved to yield
Manipulation of (9) and (14) leads to the interesting result as follows,
Therefore, according to equation (12) and (15), it's found that the current of the motor trends to a constant value determined by flux and d-axis inductance, as α increases.
Effect of battery capacity on UCG
The other simulation was implemented with 0.5Ah battery capacity. And the results of this simulation are shown in Figure 11 . Compared to Figure 7 , the battery current is smaller, while the terminal voltage of the battery is higher. The reason is the battery internal resistance will increase correspondingly when the battery capacity decreases, which is determined by the characteristics of the battery. Meanwhile, although the current decreases, the battery capacity decreases more. Therefore, the SOC of battery gets more increment.
The leakage resistances
Tobishima [Tobishima and Yamaki, 1999] shown charging battery experiments with different charge rate. Cells overcharged by more than 2 C caught fire after the rapid cell temperature increase caused by electrolyte decomposition. The charging current of the battery is high, even greater than 2 C, as shown in our simulation results. Therefore, the leakage resistances are assigned to the circuit to avoid overcharge of the battery. The battery is disconnected when the UCG occurs and the discharge resistances are connected to DC side of the rectifier.
Figures 12, 13 and 14 shows the biggest resistance brings a high voltage, while the smallest one leads to longest time of UCG. Therefore the optimized resistance is needed.
CONCLUTION
This paper developed a simple analytical model of UCG, and then the transient simulations of UCG proc- ess were implemented. Different motor speeds and battery capacities were applied in the simulations. Meanwhile, the absorbed energy of the battery was estimated. Furthermore, in order to avoid the breakdown risk of the battery, inverter, motor and other relevant components, the leakage resistances were assigned to the circuit. This research could be used to understand the UCG process and improve the electrical powertrain system performance in the hybrid vehicles. 
